The first structures were proto-voids formed in the primordial plasma when viscous and weak turbulence forces balanced gravitational forces at the scale 
Introduction
We consider the hydrodynamic evolution of a hot expanding universe soon after the Big Bang in order to determine when gravitational forces were first able to form structure under the influence of viscous and turbulent forces. All such flows of plasmas and gases with large Re ≡ δv × L/ν ≥ Re cr are unstable to the formation of turbulence according to the 1883 Reynolds number criterion for transition, where Re cr is a finite critical value of Re above which laminar flows are impossible, δv is the velocity difference on scale L and ν is the kinematic viscosity of the fluid. According to the first universal similarity hypothesis of Prior to the 1993 discovery that the anisotropies δT /T of the cosmic microwave background temperature are very small (≈ 10 −5 ) it was consistently assumed by all authors
that Re values of the expanding universe would be supercritical (≫ 100), so that both the primordial plasma and the subsequent primordial gas would be strongly turbulent with this primordial turbulence the crucial factor in all subsequent gravitational structure formation.
Density fluctuations produced and mixed by the turbulence would trigger gravitational 
where ρ is the density, G is Newton's gravitational constant and V S is the sound speed, to give a turbulent Jeans scale L JT ≡ [(p + p T )/ρ 2 G] 1/2 . Star formation rates in the cold molecular clouds of the Galaxy disk are about 50 times less than expected from Eq. in a self gravitating blob of gas, where R is the gas constant, T is the temperature, and p is the pressure, Gibson and Schild 1999a,b. Viscous or weakly turbulent fluid forces determine the smallest scales of gravitational instability in the high temperature primordial plasma and gas at cosmological times, when L J for baryonic matter is so large that some sort of cold-dark-matter (CDM) non-baryonic fluid is needed with smaller L J values to permit gravitational structure formation consistent with observations, Padmanabhan 1993. However, the necessarily strong diffusion of any non-baryonic dark matter fluid should prevent its condensation at inner-galaxy-halo scales as assumed in cold-dark-matter (CDM) models, Gibson 2000.
1, presumably because
The turbulent pressure (inertial force per unit area) ∼ ρ(δv) 2 should be substituted rather than added to p in Eq. 1 and the full Kolmogorov 1941 expression δv ≈ (εL)
should be substituted for δv. Solving for the critical length scale at which inertial forces match gravitational forces gives
where L ST is defined as the turbulent Schwarz scale in Gibson 1996 and ε is the viscous dissipation rate of the turbulence.
If the turbulence of the primordial plasma flow is weak, as indicated by the small CMB fluctuations, then viscous forces F V ≈ ρνγL 2 determine the smallest scale of gravitational instability, balancing gravitational forces
where
ν is the kinematic viscosity of the fluid, γ is the rate of strain, and ρ is the density.
The turbulent Schwarz scale of Eq. 2 is closely related to the Ozmidov length scale -6 - By their galaxy formation theory, strong turbulence produced density fluctuations that served as nuclei for galaxy formation at the time of photon decoupling when the sound speed V S dramatically decreased by a factor of 3 × 10 4 . Other studies claiming that strong primordial turbulence should set the scale of galaxies include Gamov 1952 , Ozernoi and Chernin 1969 , Oort 1970 , and Ozernoi and Chebyshev 1971 All such strong turbulence theories of structure formation were rendered moot by the 1993 measurements of very small temperature fluctuations The purpose of the present paper is to question this assumption that the Hubble flow is stable to the formation of turbulence, and to examine the alternative. The present claim is that since strong turbulence is ruled out by the CMB observations, something must have prevented it other than intrinsic stability. Buoyancy forces resulting from gravitational structure formation must have dominated the damping of turbulence in the final stages of the plasma epoch because viscous forces are inadequate and no other possibility exists.
It is not possible that turbulent transition failed by lack of triggering perturbations, since δT /T fluctuations are observed at scales L > ct in the CMB, fossilized by inflation, that can nucleate growth of vorticity and structure once they enter the horizon if viscous forces permit. Neither can it be argued that a lack of time prevents nonlinearity. Once L K ≤ L H at turbulence transition, the eddy overturn time is t. In this scenario, the decreasing viscous stresses in the baryonic component permit fragmentation of supercluster to galaxy masses in the plasma epoch so that the hierarchical clustering of subgalactic scale CDM halos to form these structures in the gas epoch is unnecessary, even if such small CDM halos were possible. Because the nonbaryonic dark matter is necessarily strongly diffusive, such small -8 -CDM halos appear to be ruled out by theory and observations, Gibson 2000.
In the following §2 we consider whether an inviscid expanding universe is stable or unstable to the formation of turbulence. If it is unstable according to the conventional Reynolds number criterion, what constraints on viscosities and structure formation in the plasma epoch can be inferred from observed CMB anisotropies? We then examine the hydrodynamic parameters and structures to be expected from the Gibson 1996 nonlinear gravitational structure formation theory during the plasma epoch, in §3, and in the early gas epoch, in §4. The conclusions are summarized in §5.
The absolute instability of inviscid flows
The instability of expanding flows is discussed in §23 of Landau and Lifshitz 1959. The equations of momentum conservation in a fluid may be written
where B ≡ p/ρ + v 2 /2 + φ is the Bernoulli group of mechanical energy terms, ω ≡ ∇ × v is the vorticity, v × ω is the inertial vortex force that causes turbulence, ν∇ 2 v is the viscous force that damps it out, F G = −∇φ is the gravitational force and has been absorbed in B, φ is the gravitational potential energy per unit mass in the expression
Newton's constant, F M is the magnetic force, and other forces have been neglected. Eq. 4 applies in a gas or plasma when a sufficient number of particles are assembled, so that the particle separation L P and the collision distance L C are much smaller than the size L of the assemblage or the scale of causal connection L H ≡ ct, where c is the speed of light and t is the age of the universe. Turbulence develops whenever the inertial-vortex force of the flow is larger than the other terms; that is, if the Reynolds number We conclude that steady inviscid flows are absolutely unstable, confirming the 1959
Landau-Lifshitz result and the conventional Reynolds criterion for turbulence formation.
Viscosity is not necessary to the formation of turbulence, only its evolution. From the vorticity conservation equation following a fluid particle in a fluid with variable density
we see variations in the density of the fluid can produce vorticity if pressure and density gradients are not aligned, at rate (∇ρ × ∇p)/ρ 2 , leading to unconstrained inertial vortex forces v × ω and thus turbulence. Vorticity is produced by vortex stretching at a rate It is not true that simply because the initial perturbation of a nonlinear process is -12 -small that the process can be accurately described by linear theories. In particular, just because remnant density perturbations δρ/ρ ≈ 10 −5 from Big Bang quantum gravitational chaos are small does not mean that their evolution can be accurately described by linear methods once they reenter the horizon. Decreasing the size of δρ/ρ by a factor of 10
increases the gravitational condensation time by less than a factor of two. Cold dark matter theories that suggest an acoustic peak in the CMB temperature spectrum are therefore legacy. Consider a volume of initially stagnant, constant density gas, smaller than the horizon, with mass perturbation M ′ suddenly placed near its center. This system is absolutely unstable to gravitational condensation or void formation, depending on whether M ′ is positive or negative. Gravitational acceleration starts immediately with radial velocity v r = −tGM ′ /r 2 and mass flux 4πr 2 ρv = 4πρGM
positive M ′ all the mass flows into a core of radius r c ≡ −v r t = M ′ Gt 2 /r c 2 with mass
Thus the time dependence of the core In any real fluid, the Hubble flow is unstable at all scales where the Reynolds number exceeds a universal value Re crit ≈ 100. Thus, Re ≈ δv × x/ν ≈ γx 2 /ν ≈ 100 at a critical length scale x crit ≈ 10(ν/γ) 1/2 . The viscous dissipation rate ε ≈ νγ 2 , so
is the 1941 Kolmogorov length scale. Turbulence always begins at scales of ≈ 10L K and is inhibited at smaller scales by viscous forces. These small eddies pair, pairs of eddies pair with other eddy pairs, and so forth. Irrotational (and therefore nonturbulent) fluid is entrained into the interstices of the turbulent domain as ideal flows, is made turbulent at Kolmogorov scales by viscous forces, and supplies the kinetic energy of the turbulence. We now use these results to examine the formation of turbulence, and its inhibition, during the plasma epoch before 10 13 s (300 000 y).
The plasma epoch
What about the formation of turbulence in the plasma epoch? Since the Hubble flow is unstable to the formation of turbulence, either viscous forces or buoyancy forces, or both, must have been present to prevent strong turbulence. When did the first turbulence form?
What was the viscosity of the plasma required to prevent turbulence?
Since COBE, numerous experiments have been undertaken to resolve the small scale This sonic peak explanation of the CMB lacks credibility for several reasons: 1. the postulated CDM fluid with L SD > L H (see Eq. 11 below) was too diffusive to condense; 2. even if something had condensed to force motions of the baryonic fluid into potential wells or down potential hills, the velocity field produced would be highly non-uniform in space with v ∼ 1/r 2 at distances r from the "wells" and "hills" rather than sound waves with constant v = V S ; 3. there would be an inadequate amount of time available for sonic velocities to develop on the scales measured in the CMB since the universe age t is much less than the gravitational free fall time; that is, t ≪ τ G ≡ (ρG) −1/2 ; 4. even if a powerful source of sound could be identified, the sound would be rapidly damped by viscous forces
for all the relevant sonic wavelengths λ. to small values as M SV decreases toward proto-galaxy masses in the cooling, expanding plasma. Numerous observers and the MAP and Planck Surveyor satellites will soon be able to determine whether the CMB temperature spectrum is smooth as predicted here, or has multiple sonic peaks.
As mentioned, to prevent turbulence at the horizon scale at decoupling requires a viscosity ν crit ≈ c 2 t/100 ≈ 10 28 m 2 s, which is too large for the baryonic component by any known mechanism. Setting x crit = L H = 10L K in Eqs. 7 and 8 with γ = 1/t gives a value of ν = (ct/100) 2 γ = 9 × 10 26 m 2 s −1 for our estimated t F S ≈ 10 12 s. This large value of ν is only slightly larger than that required to prevent turbulence at the time of first structure. Once structures begin formation buoyancy forces should strongly inhibit further turbulence formation except in isolated patches, as it does in all other natural fluids with stable stratification.
Densities were larger at this earlier time (30 000 y) so mean free paths for collisions
were shorter, where σ is the collision cross section and n is the particle density.
The physical mechanism of viscous stress in the plasma epoch is photon collisions with the free electrons of the plasma, Silk and Ames 1972, Thomas 1930 . The electrons then drag along the protons and alpha particles of the primordial plasma to maintain electrical neutrality. The kinematic viscosity is then Gibson 1996 Proto-superclusters formed by fragmentation rather than condensation because the gravitational free fall time τ G ≡ (ρG) −1/2 at their time of formation was 3.8 × 10 13 s, larger than the age of the universe at the time of their formation by a factor of 38. Void formation is augmented by the expansion of the universe but condensation is inhibited.
Thus proto-supercluster-voids grow, in the plasma epoch, while the proto-superclusters between these voids grow more slowly, by internal fragmentation. Further fragmentation at L SV scales down to protogalaxy masses with little change in the baryonic density is suggested by Gibson 1996 . In this scenario, turbulence formation is inhibited at every stage of the plasma epoch by a combination of viscous and buoyancy forces, and there is is the initial pressure, x is the direction of propagation. The sonic attenuation coefficient
, where the frequency ω = V S /λ, λ is the wavelength, and V S is the sound speed, Pierce and Berthelot 1990. Thus,
, and this will be true since ν increases with time as the universe density decreases and λ ≤ ct is limited in size by the time t when the sound wave was created.
What about the non-baryonic dark matter (NB) required to make up the critical density of a flat universe? If such material exists, its cross section σ C for collisions with ordinary matter must be very small or it would have been detected based on the expression
where m p is the particle mass and D N B is the diffusivity inferred from outer-halo dimensions r of galaxies or clusters of mass M, Gibson 2000.
Thus such material must have large mean free paths for collisions and large diffusivities
From measurements of the mass profile of Abell 1689 by Tyson and Fischer 1995, Gibson 1999b estimates the non-baryonic dark matter of the dense galaxy cluster is D N B ≈ 10 by scales larger than L SD . This is contrary to cold dark matter models that require CDM condensation as the first rather than last stage of structure formation, producing rather than being produced by the baryonic structure, based on the Jeans 1902 theory of gravitational instability.
The necessary condition for the diffusive Schwarz scale L SD of Eq. 11 to determine the minimum scale of gravitational condensation is
for viscous flows. Since γτ G ≥ 1 and D ≈ ν for baryonic matter, the scale L SD only applies to nonbaryonic matter, and then only if D ≫ ν. 
where 
The gas epoch
From standard cosmology and the CMB observations, the initial conditions of the gas epoch are precisely defined. Little or no turbulence was present, as discussed previously, so the rate of strain of the fluid was larger than γ ≈ 1/t ≈ 10 −13 s −1 existing at that time and smaller than the fossil vorticity turbulence value in the structures γ F S ≈ 10 −12 s −1 .
The density of the protogalaxies cannot have been much different from the fossilized initial voids at scales smaller than L J ≈ (RT /ρG) 1/2 adjust by particle diffusion to remain constant at T = p/ρR as the gravity driven rarefaction waves of void formation propagate, where the term "void" indicates a density deficiency rather than ρ = 0. As the density decreases the pressure decreases. Particle speeds and temperatures are constant as long as the particle diffusion time τ P ≡ L/(RT ) 1/2 is less than the gravitational free-fall time τ G ; that is, for scales L ≤ L J . For scales L larger than L J the diffusion time τ P is larger than τ G , causing temperatures in these large voids to decrease as the voids grow because particle diffusion cannot maintain constant temperature and acoustical equilibrium. When this happens, radiation heat transfer from the warmer surroundings increases the temperature, and thus also the pressure, within the voids, and the increased pressure accelerates the void formation, isolating blobs of gas at some multiple of the Jeans scale to form PGCs.
Substituting our initial T and ρ values of the primordial gas gives 
Conclusions
We conclude that the small amplitude δT /T ≈ 10 
